Abstract In multiple sclerosis (MS), cerebellar signs and symptoms as well as cognitive dysfunction are frequent and contribute to clinical disability with only poor response to symptomatic treatment. The current consensus paper highlights the broad range of clinical signs and symptoms of MS patients, which relate to cerebellar dysfunction. There is considerable evidence of cerebellar involvement in MS based on clinical, histopathological as well as structural and functional magnetic resonance imaging (MRI) studies. The review of the recent literature, however, also demonstrates a high variability of results. These discrepancies are, at least partially, caused by the use of different techniques and substantial heterogeneity among the patient cohorts in terms of disease duration, number of patients, and progressive vs. relapsing disease courses. Moreover, the majority of studies were crosssectional, providing little insight into the dynamics of cerebellar involvement in MS. Some links between the histopathological changes, the structural and functional abnormalities as captured by MRI, cerebellar dysfunction, and the clinical consequences are starting to emerge and warrant further study. A consensus is formed that this line of research will benefit from advances in neuroimaging techniques that allow to trace cerebellar involvement at higher resolution. Using a prospective study design, multimodal high-resolution cerebellar imaging is highly promising, particularly in patients who present with radiologically or clinically isolated syndromes or newly diagnosed MS.
Introduction (K. Weier, MD and, T. Sprenger, MD)
Multiple sclerosis (MS) is the most common chronic disease of the central nervous system (CNS) leading to permanent disability in young adults. Over the past decades, the focus of MS research has been predominantly on telencephalic structures. Evidence from these studies changed the traditional perception of inflammation and demyelination as the only pathological mechanisms in MS and helped to understand that neurodegenerative processes are involved and may even be key for the development of disability [1] [2] [3] . This applies not only to the white but also extensively the grey matter, which is present from the earliest stages of the disease and accrues with disease progression [4] . One macroscopic hallmark of both inflammation and neurodegeneration is brain atrophy [5] , which has been increasingly recognized as a viable biomarker of MS severity and disease progression [6] and can be readily investigated in vivo using structural magnetic resonance imaging (MRI).
The cerebellum is functionally and anatomically a fascinating but complex structure. The cerebellum has the highest growth rate of all brain structures during the late fetal and early postnatal life, reaching its adult cell count only by the age of 2 years [7] . The cortical grey matter is tightly folded (foliae) and includes thin layers of white matter, which branch to form the medullary core. The latter as well as its location in the posterior fossa with its dense vascular bed have technically hampered structural and functional MRI studies of the cerebellum in the past. Functionally, the cerebellum is segregated in parallel cortico-nuclear subcircuits that are integrated in various sensory-motor and cognitive-behavioral networks. Therefore, MS-related tissue damage of the cerebellum and the cerebro-cerebellar pathways affect a magnitude of brain functions and significantly contribute to the development of disability [8, 9] . This applies particularly to patients with MS starting already in childhood or adolescence in whom the posterior fossa seems to be even more affected than in their adult-onset counterparts [10] .
This consensus paper focuses on the involvement of the cerebellum in MS. Ten experts were invited to provide their perspective and discuss on the role of the cerebellum. Insights from recent histopathological, structural, and functional MR imaging (fMRI) studies are highlighted. Further, the extent of clinical and cognitive disability and their relation to cerebellar changes in pediatric and adult-onset MS patients are discussed.
Histopathological Changes in the Cerebellum in Multiple Sclerosis (H. Lassmann, MD)
MS is a chronic inflammatory disease, which leads to the formation of focal demyelinated plaques in the white and grey matter of the CNS. In addition to demyelination, neurodegeneration occurs to a variable degree, causing axonal loss within and outside of plaques in the white matter and neuronal loss in the grey matter [5] . This may lead to profound tissue loss and atrophy in the entire brain. In most patients, MS starts with an early phase of relapsing remitting disease, which after 10 to 15 years converts into a secondary progressive phase. Some patients lack a relapsing stage and the disease starts gradually with a slowly progressive deterioration (primary progressive MS) [11] . The age of the patient is a major determining factor associated with the conversion from relapsing to progressive disease [12] . In pathology, focal white matter lesions associated with profound inflammation dominate the early relapsing phase. With disease duration, the inflammatory response declines, new focal white matter lesions become rare, but cortical demyelination, diffuse damage of the normal-appearing white matter, and brain atrophy are dominant [13] . Current concepts suggest that MS is initiated and driven by the inflammatory process, but that with disease progression, additional factors related to accumulated brain damage, microglia activation, mitochondrial damage, and age-related iron accumulation in the human brain may amplify tissue injury and neurodegeneration [14] . These changes, as they have been extensively characterized in the forebrain and the spinal cord, affect the cerebellum in a similar way.
Focal white matter lesions in the cerebellum. Focal white matter lesions can occur at any location of the central nervous system. It is thus not surprising that focal white matter lesions are also present in the cerebellum, predominantly located in the cerebellar peduncles and the hilar regions of the dentate and olivary nuclei [15] . The reason for this location of lesions in these areas is unresolved but may at least in part be related to the vicinity to the ventricular system. Within the global brain, the percentage of lesions in the cerebellar white matter is lower compared to that in the forebrain white matter [15] . This, however, seems to be due to the smaller volume of the cerebellar compared to the forebrain white matter since the average plaque count per gram wet weight of tissue is similar [15] . As in forebrain lesions, active and inactive white matter lesions can occur side by side and the lesions are characterized by complete primary demyelination, variable axonal loss, and a variable extent of remyelination. Whether the extent of axonal loss or remyelination differs between cerebellar and forebrain plaques is currently unknown due to the lack of respective quantitative studies.
Cortical pathology. Three different types of cortical lesions are present in the forebrain cortex: cortico/subcortical lesions, intracortical lesions, and subpial lesions [16] . While cortico/ subcortical and intracortical lesions develop around inflamed veins and venules, subpial lesions are associated with inflammation in the meninges [17, 18] . In the cerebellum, two different cortical lesion types are seen [19] (Fig. 1) . Cortico/ subcortical lesions are frequently seen as extensions of white matter lesions in the folia, affecting the adjacent cortical tissue.
The other type, which is much more abundant in particular in patients with progressive MS, consist of band-like lesions, which span the cerebellar cortex over long distances of adjacent folia and do not reach the subcortical white matter [19] . Similar to subpial lesions in the forebrain, they may be related to inflammation in the meninges, but a direct proof of this association is difficult due to the lack of myelinated fibers in the outer molecular layer of the cerebellar cortex. As in cortical lesions in the forebrain, active demyelination in the cerebellar cortex is associated with a variable degree of acute axonal injury and loss. No systematic neuropathological studies are currently available on global neurodegeneration, nerve cell loss, and atrophy in the cerebellar cortex. Reduction of Purkinje cell density has been seen in areas of cortical demyelination in comparison to normal-appearing cortex of MS patients, but there was no significant reduction of nerve cell density in normal-appearing MS cerebellar cortex compared to that in controls [19] .
Cortical demyelination in the cerebellum is extensive in patients with progressive MS. On average, 30 to 40 % of the cortex is affected and in some patients nearly complete demyelination of the entire cortex is seen [19] . Despite this dramatic observation, it is currently not clear whether cortical demyelination in the cerebellum matters clinically. There is only a moderate density of myelinated nerve fibers in the cerebellar cortex, which includes radial fibers in the granular layer and two thin bands of myelinated fibers above and below the Purkinje cell layer. Whether a loss of myelin sheaths from these fibers has functional and clinically meaningful consequences is unclear. In cortical lesions of the forebrain, the only neurophysiological consequence of demyelination has so far been identified as an acceleration of spreading depression [20] .
Cerebellar Signs and Symptoms in MS-more than the Charcot Triad (M.A. Sahraian, MD)
Many clinical manifestations of MS arise from pathologies involving the cerebellum and cerebellar pathways. The huge number of cerebellar connections with other parts of the CNS such as the brainstem, cortex, and spinal cord as well as dense fiber projections in the cerebellar peduncles makes this part of the brain an eloquent area in MS. Cerebellar symptoms were for a long time considered to be a common feature of MS. In fact, the French neurologist Jean-Martin Charcot (1825-1893) described his defining triad of MS as tremor, nystagmus, and scanning speech [21] . The exact prevalence of cerebellar signs and symptoms in MS is not clear. Overall, it seems that cerebellar signs and symptoms represent the predominant clinical manifestation in 11-33 % of patients with MS [22, 23] . Cerebellar involvement may cause a wide range of signs and symptoms including tremor, gait and truncal ataxia, incoordination of voluntary movements, slurred speech, hypotonia, different kinds of nystagmus, ocular dysmetria, and an inability to perform rapid alternating movements properly (dysdiadochokinesia). Depending on the extent of involvement, an individual may have one or a combination of signs and symptoms. Moreover, patients who exhibit clinical signs of cerebellar damage early in the disease course tend to develop severe disability more quickly [24] .
Patients with MS should be carefully examined to detect possible cerebellar involvement. The examination should include stance, gait, finger-to-nose, heel-to-shin tests as well as rapid alternating hand movements. Different kinds of nystagmus (e.g., upbeat nystagmus) and abnormal speech patterns may also indicate cerebellar involvement. Tremor is one of the most common cerebellar symptoms in MS and may involve the head, neck, vocal cords, trunk, and limbs. Tremor in MS typically involves the upper limbs and may cause severe disability and seriously impairs many activities of daily living. Postural and intention tremors are the two most prevalent types in MS. In a survey of tremors in MS, Alusi et al. demonstrated that 58 out of 100 patients had tremor although it was not symptomatic in 20 patients. The tremor was minimal in 27 %, mild in 16 %, and moderate to severe in 15 % of the patients [25] .
Head titubation defined as nodding head tremor with a frequency of 3-4 Hz has been reported in 9 % of MS patients usually due to midline cerebellar lesions. Titubation of the head can occur in isolation or in combination with a postural tremor of the arms [25, 26] . Gait ataxia is usually due to anterior lobe lesions and the severity of ataxia correlates with the level of disability and dependency caused by MS [27] .
Lesions located in cerebellar midline structures may lead to truncal ataxia and complete astasia. These patients cannot stand upright without support. Paroxysmal bouts of ataxia and dysarthria with a characteristic temporal profile (sudden, brief, stereotyped attacks) have been reported in MS and may favorably respond to carbamazepine [28] . Such patients typically have a midbrain lesion, which involves the crossing fibers of the cerebello-thalamo-cortical pathway [29] .
Nystagmus and ocular dysmetria usually results from dysfunction of cerebello-vestibular connections or lesions involving the dorsal vermis and fastigial nuclei. Gaze-evoked nystagmus, upbeat nystagmus, rebound nystagmus, and opticokinetic nystagmus may all be seen with midline cerebellar lesions. Other ocular lesions seen include opsoclonus, skew deviation, and ocular bobbing. It should be noted that cerebellar deficits in MS contribute significantly to disability, often with poor response to symptomatic therapies. Moreover, cerebellar manifestations tend to be more persistent, even when they occur early in the course of the disease [30] .
The Cerebellum and Neurocognitive Dysfunction in MS (A. Cerasa, PhD, and A. Quattrone, MD)
In recent years, a large amount of studies demonstrated a functional parcellation of the cerebellum driven by the connectivity between the cerebellum and primary brain cortices, pre-cerebellar nuclei, and the spinal cord [31] . Patients with focal lesions confined to the "motor" part of the cerebellum suffer from a well-characterized cerebellar motor syndrome, including dysmetria, dysarthia, and ataxia [32] . Moreover, a number of neuropsychological functions have also been demonstrated to be altered in patients with cerebellar lesions mainly including attention, working memory, and verbal fluency [33, 34] . Cerebellar lesions can result in a relatively welldefined "cerebellar cognitive affective syndrome" [33] , a complex syndrome that includes executive dysfunctions and other cognitive deficits.
More recently, functional neuroimaging studies have further corroborated the critical role of the cerebellum in cognition providing a detailed topographic map of functional domains [35] . In particular, lobule VI-VII and Crus I-II have been linked to language and working memory abilities. However, the role of the cerebellum in cognition depends on the existence of tight anatomical connections with a number of higher-level cortical regions. In particular, the prefrontal cortex, the superior temporal cortex, and the lateral parietal cortex show diffuse projections to different cerebellar regions via the thalamus and the pons [36, 37] .
The typical cognitive profile of patients with MS and cerebellar involvement still remains an important matter of debate. Generally, MS is a heterogeneous neurological disorder, both at the clinical and pathological level, characterized by diverse neurological symptoms including motor and cognitive dysfunctions. It is characteristic for MS that instead of a global cognitive decline, predominantly specific domains, in particular memory, language, attention, and information processing speed, are affected [38] . In the present literature, the relationship between cerebellar abnormalities and cognitive deficits is often elusive. However, as said before, cerebellar signs and symptoms are a very common feature of patients with MS. The investigation of MS patients with cerebellar motor dysfunction (e.g., limb and/or gait ataxia, dysdiadochokinesia, or tremor) offers a unique opportunity to disentangle the contribution of the cerebellum to cognitive dysfunction in MS patients. Only recently it has been demonstrated that MS patients with cerebellar motor signs suffer from more severe cognitive deficits with respect to patients without [39, 40] . In fact, MS patients with cerebellar motor dysfunction showed specific impairment in executive functions (Symbol Digit Modality Test=SDMT; Paced Auditory Serial Addition Test=PASAT) and language performance (Controlled Oral Word Association Test=COWAT). Given that specific deficits parallel those described in patients affected by "cerebellar cognitive affective syndrome", it is intriguing to study the role of the cerebellum in MS. As previously reported for patients with focal cerebellar lesions, the specific cognitive deficits detected in MS patients (with cerebellar motor dysfunction) might be dependent upon neural damage within cortical-cerebellar loops [32] [33] [34] . For instance, one study demonstrated that during a working memory fMRI task, MS patients with cerebellar motor dysfunction, relative to both MS patients without and controls, displayed significantly reduced functional connectivity between the left cerebellar Crus I and the right superior parietal lobule, a cortical area implicated in short-term buffering and storage of relevant information [41] . Moreover, two volumetric studies described significant correlations between the impairment of executive functions and loss of grey matter volumes in the cerebellum [40] and in the dorsolateral prefrontal cortex as well as between language performance and atrophy of the superior temporal cortex [42] . The hypothesis that an altered communication of the cerebellum with higher-order cortical areas contributes to the dysfunctional cognitive profile of MS patients is indirectly supported by a recent volumetric study investigating patients with non-demyelinating focal cerebellar lesions [43] . The authors described specific deficits in executive functions and language performance in association with grey matter reductions of the frontal and temporal cortices. However, it remains to be established how cerebellar white matter lesions characterizing MS patients with cerebellar motor dysfunction induce the detected grey matter tissue loss in associated cortical areas. It has been shown in the forebrain that cortical MS lesions develop with some predilection in areas that are connected to deep grey matter and white matter lesions [44] . One possible explanation for this observation is that anterograde and retrograde degeneration lead to microglia activation, which may precipitate new lesion formation in the course of further inflammatory activation [45] . This intriguing hypothesis remains to be specifically tested in the cerebellum, e.g., with tractographic MRI and histopathological methods.
The evidence described in this review supports the view that cerebellar signs contribute to cognitive impairments of patients with MS, influencing specific domains: executive functions and language. New therapeutic strategies targeting cerebellar cognitive symptoms (attentional deficits or language impairment) are therefore necessary in such patients. Recently, it has been demonstrated that intensive computerassisted cognitive rehabilitation tailored to MS patients with impaired attention influences neural plasticity and improves cognitive abilities [46] . Similarly, repetitive transcranial brain stimulation may also be considered as an alternative nonpharmacological intervention for these patients since its capacity to modulate neural networks to facilitate improvements in behavioral functions has been demonstrated in stroke patients with language deficits [47] . Conventional MRI is the most important diagnostic tool in MS and infratentorial lesions were recognized early on to add to the predictive value in diagnosing MS [48] .
MRI using standard T1-, T2-weighted and fluid-attenuated inversion recovery (FLAIR) sequences is widely applied in clinical practice to identify focal lesions. In the current MRI criteria, which are part of the McDonald criteria for the diagnosis of MS [49] , the posterior fossa is recognized as one out of four characteristic regions. One or more lesions in at least two of these regions are required to meet the MS criteria for dissemination in space [50] .
More than 20 years ago, Baumhefner et al. could show a correlation between cerebellar lesion area, when measured on 2D coronal T2-weighted MRI scans (acquired on 0.35 T), and disability in fine-motor tasks in progressive MS patients [51] . However, image quality in those days was low and postprocessing methods limited. Further, evidence of a cerebellar volume reduction as determined using MRI was found in relapsing-remitting (RR) MS patients with severe cerebellar dysfunction when compared to healthy controls (HC); however, there was no correlation between Expanded Disability Status Scale (EDSS) [52] and cerebellar volume [53] .
Over the past three decades, it has been shown that an early diagnosis and treatment, before major neuronal damage has taken place, is beneficial in terms of the longer-term outcome [54] . This is why there is a need to focus on early changes in the disease course. Furthermore, there is evidence that apart from inflammatory processes, neurodegeneration plays a major role in the MS pathobiology and both processes result in atrophy, and irreversible atrophy in turn leads to an accrual of disability [55] . With the advent of higher magnet field strengths, improved gradients, coils, and MRI sequences as well as advances in data post-processing techniques, atrophy measures of supratentorial brain structures have become important measures of disease activity. However, in case of the cerebellum, technical challenges concerning correct segmentation of the thin cerebellar gyri and sulci and extracting the cerebellar tissue from nearby structures had hampered studies on cerebellar abnormalities in humans in the past, which have been overcome only recently [56, 57] (Fig. 2) . To date, mainly cross-sectional MRI data exist and only a few studies specifically focus on the role of the cerebellum in MS.
T2 hypointensities in the dentate nuclei have been found in MS patients, possibly reflecting pathological non-heme iron deposition, and were related to ambulatory impairment and disability [58] . While T2 hypointensities of the dentate nuclei do not seem to be disease specific (also seen in normal aging [59] ), equivalent bilateral T1 hyperintensities in the dentate nuclei have so far only been reported in MS patients [60] . T1 hyperintensities of the dentate nuclei appear mainly to be associated with the secondary progressive disease subtype and with increased clinical disability, lesion load, and brain atrophy [60] .
T1-weighted MRI can further be used to determine diseaserelated cerebellar atrophy and more specifically reduced cerebellar grey and white matter volume. Overall, studies show a clear reduction of the total cerebellar volume in patients with MS (ranging between 106 and 150 cc) when compared to HC, and this reduction is even more prominent in patients with a progressive disease course [61] [62] [63] [64] . Calabrese and colleagues [63] focused mainly on cerebellar cortical volume and found reduced volumes as well as evidence of cortical lesions as determined using double inversion recovery (DIR) sequences in all the different MS phenotypes [CIS, RR, secondary (SPMS) and primary progressive MS (PPMS)]. In another cohort studied by Anderson et al., grey matter volume was significantly reduced in SPMS compared to HC. A borderline reduction was observed in RRMS. Regarding cerebellar white matter volume, changes were only seen in the SPMS group [61] . Mesaros and colleagues compared grey matter changes between HC, MS patients with a benign disease course (disease duration of ≥15 years and EDSS ≤3) and SPMS using voxel-based morphometry (VBM) [65] . Interestingly, the analysis of relative grey matter loss between SPMS and benign MS patients showed significant clusters predominantly in the cerebellum. The authors suggested that this grey matter loss may be a major determinant of locomotor disability in MS. In patients with CIS, results of previous studies are more heterogeneous: in one study, a volume reduction relative to HC was seen for cerebellar grey matter [63] . In another study by Anderson and colleagues, no significant volume differences relative to HC were seen [61] . In a VBM study of Henry et al., CIS patients also did not significantly differ from HC in cerebellar grey matter volume [66] . As mentioned before, correlation with EDSS was at best moderate [63] or nonexisting [53, 62, 65] ; however, more robust correlations between cerebellar volumes and clinical dysfunction were found when outcomes were chosen that tested specifically for finemotor skills, locomotion, or cognition [40, 61, 66, 67] .
Taken together, there is a high variability regarding the results (and conclusions) of these structural MRI studies. This may be explained by the usage of different techniques [semiautomated versus automated segmentation, VBM versus region-of-interest (ROI) techniques, etc.], arbitrarily chosen anatomical boundaries towards the brainstem and heterogeneity in patient cohorts (disease duration, number of patients). It is also important to note that the white matter in the thin foliae cannot be easily separated from the cortical grey matter using most of the techniques applied in the available literature, nor were the cerebellar nuclei distinguished from the white matter core. These limitations have to be kept in mind, when interpreting results on cerebellar grey and white matter changes in MS patients. In recent years, diffusion-weighted magnetic resonance imaging (DWI) has emerged as another important MRI modality. Applying a diffusion tensor (DT) model to the DWI data, one can derive well-established voxel-wise measures of regional water diffusion such as fractional anisotropy (FA), mean diffusivity (MD), or directional diffusivity. These DT measures can be used to detect MS-related microstructural changes in cerebellar white and grey matter, especially in the cerebellar peduncles, which contain the main white-matter pathways linking the cerebellum with the rest of the brain [68] . Several recent DT MRI studies have examined the association between clinical disability and the degree of white-matter damage in the middle and superior cerebellar peduncles [68] . Inter-individual variations of DT-based microstructural measures in the superior cerebellar peduncles were found to correlate with upper limb function and walking in progressive MS patients [68] and with balance impairment as measured by static posturography [69] . RRMS patients with worse balance performance displayed stronger increases in regional MD and decreases in regional FA in the superior and middle cerebellar peduncles along with other pathways in the brain stem and cerebral white matter [69] . Postural impairment also correlated with cerebellar grey matter reductions in the anterior Fig. 2 Automatic segmentation of the cerebellar lobules using the RASC AL algorithm [56] . The cerebellum of a healthy 30-year-old male (left side; manual segmentation from the template library) is displayed in comparison to a 42-year-old male with longstanding relapsing-remitting MS (right side; automatically segmented using RASCAL). The segmentation of the individual lobules is demonstrated in axial (top row), coronal (middle), and sagittal (bottom) plane lobules IV, V, VI and lobules VIII [69] . In a large cohort of 172 MS patients of various phenotypes, focal lesions were frequently present on T2-weighted images in the middle (65 % of patients) and superior cerebellar peduncles (43 % of patients) [70] . Compared with volumetric measures of T2 lesions or cerebellar atrophy, DT MRI of the cerebellar peduncles had a superior discriminatory power to distinguish between impaired and unimpaired subgroups according to their cerebellar and brainstem functional system scores. Clinically impaired patients had significantly higher MD and radial diffusivity and lower FA values in the middle and superior cerebellar peduncles relative to clinically unimpaired patients [70] .
Another way to use DWI is to apply tractography approaches such as anatomical connectivity mapping (ACM) to quantify structural brain connectivity in MS. A recent DWI study reported an association between the ACM values in the inferior middle cerebellum (lobules IX) and patient's cognitive ability as reflected by the PASAT score [71] .
MS-related alterations in functional connectivity of the cerebellum can be probed with blood oxygenation level-dependent (BOLD) fMRI while the patient is at rest or performs an experimental task. A link between impaired local functional integration in the cerebellum and lesion load of the cerebellar peduncles was recently demonstrated in a resting-state fMRI study which used a regional homogeneity measure of resting-state BOLD-signal fluctuations as index of local regional connectivity within the cerebellar cortex [72] : The left lobules V and VI expressed reduced local functional connectivity in patients with MS relative to controls (Fig. 3) . In addition, patients with higher EDSS or ataxia scores displayed a stronger reduction of local connectivity in the left Crus I and dentate nucleus compared to patients with lower EDSS or ataxia scores (Fig. 3) . Impaired local functional connectivity in the cerebellar cortex might reflect a temporo-spatial disintegration of converging cortico-ponto-cerebellar and spinocerebellar inputs induced by MS lesions in cerebellar whitematter tracts. In support of this interpretation, local connectivity in the cerebellum decreased with increasing lesion load of the left cerebellar peduncle [72] .
Other task-related fMRI studies have shown that MS alters the functional connectivity between the cerebellum and cortical frontoparietal areas of the brain. An abnormal pattern of connectivity between premotor cortex and cerebellum was first reported by Saini et al. during a handwriting task [73] . A recent fMRI study demonstrated functional connectivity changes between the right cerebellum and prefrontal areas during a Stroop interference task that depended on the clinical phenotype of MS [74] . In that study, patients' response times in the incongruent Stroop condition inversely correlated with bilateral cerebellar activity and disease duration inversely correlated with right cerebellar activity. Changes in cerebello-cortical functional connectivity has been found in several other fMRI studies using motor [75] or cognitive tasks [76] . For instance, Loitfelder et al. computed functional connectivity of the anterior cingulate cortex (ACC) based on rest periods of a block-design fMRI study [77] . Better cognitive performance in the patients as reflected by the individual PASAT score was associated with increased functional connectivity between ACC and Crus I and left lobule VI of the cerebellum. Although the changes in functional connectivity of the cerebellum differ to some degree across studies, these studies show that the MS-induced structural damage in cortico-cerebellar networks triggers functional changes in the cerebellum. Whether these changes reflect a primary Reduced connectivity was detected in the left Crus I and dentate nucleus. Left (e) and right (f) cerebellar cluster mean normalized KCC for each subject (y-axis) plotted against EDSS scores (xaxis) with a regression line. KCC Kendall's Coefficient of Concordance, EDSS Expanded Disability Status Scale, RR relapsing-remitting multiple sclerosis, SP secondary progressive multiple sclerosis dysfunction, compensation, or maladaptive changes remains to be determined. To tackle this question, longitudinal multimodal MRI studies on newly diagnosed MS patients are warranted in which structural and functional changes in cortico-cerebellar connectivity are prospectively assessed and related to lesion accumulation, atrophy development, and measures of motor and cognitive disability.
The Role of the Cerebellum in Pediatric-Onset MS (K. Weier, MD, and B. Banwell, MD)
Over the past two decades, pediatric-onset MS has been increasingly recognized. About 2-5 % of all MS patients experience disease onset before the age of 18 [78, 79] . The female-male ratio is equal before puberty and by adolescence the strong female preponderance resembles that of adult-onset disease [80] . The clinical features of MS in children differ slightly from those of adults, particularly in the youngest patients, although the relapsing-remitting disease course and subsequent relapse features are typical of relapsing-remitting disease in adult-onset patients [81, 82] . More than half of the pediatric-onset MS patients experience a polyfocal presentation, and 30-50 % initially present with deficits referable to a single site in the CNS. While optic neuritis and sensory deficits are one of the most common initial presentations, cerebellar dysfunction including ataxia and oculomotor disturbances are notable in 5-27 % of pediatric-onset MS patients, with ataxia occurring in approximately 50 % of the children who manifest with their first MS attack prior to age 10 years [80, 83, 84] . The presence of cerebellar symptoms does not predict relapse severity or clinical recovery from relapse [85] .
The cerebellum is also an important brain region for cognitive-behavioral processing [86] . Studies of pediatric MS cohorts have demonstrated that 30-50 % have cognitive impairment detected within the first 5 years of MS onset [87, 88] . The contribution of cerebellar MS pathology to cognitive impairment has yet to be fully appreciated. Of interest, however, are MRI studies demonstrating that the posterior fossa is more likely to be affected in pediatric-onset patients when compared to adult-onset MS, with pediatric-onset MS patients showing a higher lesion burden in the cerebellar peduncles and cerebellar white matter as compared to disease-duration matched adult-onset MS patients [10, 89] . The impact of the latter on changes of the cerebellar grey matter volume and functional consequences are still lacking. Resting state fMRI permits the evaluation of functional connectivity within and among functional brain networks at rest. Rocca and colleagues found decreased functional connectivity in the cerebellar lobule VI (as part of the sensorimotor network) and the cerebellar vermis (as part of the secondary visual network) in pediatric MS patients when compared to age-and sex-matched HC [90] . The functional significance of such regional decreases in intra-network connectivity and its correlation with cognitive performance are not yet known. Conceptually, white matter lesions may disrupt both established and developing neural networks. Replication of the fMRI data will be required, as inter-individual variability, the disease duration, and compensatory up-regulation of functional connections in the CNS are all likely to impact the results in the context of MS.
In summary, clinical and MRI evidence indicates significant cerebellar involvement in pediatric-onset MS. More knowledge is required to more fully appreciate the impact of lesional burden on cerebellar integrity, maturation, and connectivity. Given the important role of the cerebellum in cognitive processing, the causal links between cerebellar pathology and cognitive performance in pediatric MS patients should be explored in more detail.
Conclusion and Future Perspectives (K. Weier, MD, and T. Sprenger, MD)
Ten expert opinions from MS researchers with different research focus were collected for this consensus paper. All contributors fully agreed that the cerebellum is a major target for MS and cerebellar involvement contributes to a considerable degree to disease-related impairment in MS, especially in progressive forms of the disease. There was general consensus that cerebellar signs and symptoms had been early recognized as frequent and disabling in MS (Charcot's defining triad of MS), yet the "little brain" did not play a major role in MS research for a long time and research focused mainly on supratentorial and spinal structures. Interest on the cerebellum in MS has increased over the past decade and the number of studies addressing the impact of the disease on the cerebellar structure and function is steadily increasing. Widespread demyelination of the cerebellar cortex has been found histopathologically in MS patients and volume loss as well as evidence for microstructural changes in comparison to HC has been confirmed in cross-sectional MRI studies. The question remains for future work to determine to what extent this bears functional consequences over time and if the pathological changes directly explain the frequent clinical signs and symptoms thought to be of cerebellar origin. The correlation reported between clinical and MRI measures of cerebellar pathology is moderate to weak and more consistently found in progressive disease and after longer disease duration. Cognitive deficits related to the cerebellum occur in parallel to cerebellar motor dysfunction.
According to the authors, one explanation for the rather weak link between functional deficits and underlying pathology may relate to the complex anatomical architecture of the cerebellum. The tightly folded cortex and its difficult demarcation to the white matter challenges the segmentation techniques, which have been mainly designed for and validated on supratentorial structures and for cross-sectional studies. Limited grey-white matter classification accuracy may also result in questionable classification of white versus grey matter lesions. Furthermore, intra-cortical demyelinated lesions so far escape detection by MRI due to the extremely low myelin content in the cerebellar cortex.
Functional imaging studies have demonstrated cerebellar activation changes in MS patients compared to HC. However, whether such changes reflect a primary dysfunction due to corresponding structural changes, compensation mechanisms, or maladaptive neuroplasticity remains elusive as is a topic for future work. The functional importance of the cerebellum as a strategic node in various networks (motor, coordination, cognitive-behavioral loops) with its multiple connections to different cortical areas of the forebrain, the thalamus, and the spinal cord makes it difficult or even impossible to identify distinct tasks, which solely reflect cerebellar function.
Given the constant technical advances, it is likely that some of the limitations inherent to currently available neuroimaging techniques will be overcome in the next years. The authors are convinced that the increasing use of MR magnets with higher field strengths will yield better image quality and higher anatomical resolution, which will improve the accuracy of segmentation techniques. Advanced imaging techniques such as diffusion spectrum imaging, which allows more accurate mapping of axonal trajectories [91] , bear the possibility to detect subtle structural alterations of cerebellar pathways in MS in the future [92] . Furthermore, there was agreement that the combination of structural and functional imaging in correlation to clinical tests over a certain period of time is necessary to fill the gap and better understand the functional consequences of structural damage in the cerebellum of MS patients and hence improve the predictive value of the latter in the long run. Identification of MS imaging phenotypes related to predominant signs of cerebellar dysfunction potentially pointing to a worse prognosis would impact early therapeutic strategies.
For future studies, the authors suggest a systematic, multimodal approach to study the cerebellum in relation to its functionally related brain structures in patients with radiologically isolated or clinically isolated syndromes or newly diagnosed MS and study changes longitudinally.
